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We investigate the optical emission and decay dynamics of excitons confined in large strain-free
GaAs quantum dots grown by droplet epitaxy. From time-resolved measurements combined with a
theoretical model we show that droplet-epitaxy quantum dots have a quantum efficiency of about
75 % and an oscillator strength between 8 and 10. The quantum dots are found to be fully described
by a model for strongly-confined excitons, in contrast to the theoretical prediction that excitons in
large quantum dots exhibit the so-called giant oscillator strength. We attribute these findings to
localized ground-state excitons in potential minima created by material intermixing during growth.
We provide further evidence for the strong-confinement regime of excitons by extracting the size
of electron and hole wavefunctions from the phonon-broadened photoluminescence spectra. Fur-
thermore, we explore the temperature dependence of the decay dynamics and, for some quantum
dots, observe a pronounced reduction in the effective transition strength with temperature. We
quantify and explain these effects as being an intrinsic property of large quantum dots owing to
thermal excitation of the ground-state exciton. Our results provide a detailed understanding of the
optical properties of large quantum dots in general, and of quantum dots grown by droplet epitaxy
in particular.
PACS numbers: (78.67.Hc, 42.50.Ct, 78.47.-p)
I. INTRODUCTION
Semiconductor quantum dots (QDs) have attracted consid-
erable interest over the past years as mesoscopic light emitters
for all solid-state quantum electrodynamics experiments.1–7
Commonly denoted artificial atoms due to their discrete en-
ergy levels, QDs offer an attractive platform for tailoring
light-matter interaction at the nanoscale for use in quantum-
information protocols.8–11 A present challenge constitutes the
realization of efficient single-photon sources, which gener-
ate a large number of flying qubits per unit time. Com-
bined with their sub-poissonian statistics and large oscillator
strength, highly efficient QDs are excellent candidates for use
both in the Purcell regime as solid-state light-emitting diodes
or single-QD lasers,12 and in the strong-coupling regime13
in exploring the realm of quantum optics on a solid-state
platform.1,3
According to Fermi’s Golden Rule, efficient emitters can
be realized by enhancing the interaction strength between
QDs and light. In the dipole approximation, the figure of
merit of light-matter interaction is given by the oscillator
strength of the emitter times the projected local density of
optical states (LDOS) at the position of the emitter.14 The
oscillator strength is a dimensionless quantity defined as the
ratio between the radiative decay rate of the emitter in a
homogeneous medium and the decay rate of a harmonic os-
cillator, and is solely a property of the emitter. On the other
hand, the LDOS quantifies the available density of optical
states and is determined by the nanophotonic environment
surrounding the QD. One way of enhancing light-matter in-
teraction is to increase the LDOS by embedding the QD in
an optical cavity or waveguide. For a cavity for example, the
enhancement magnitude is determined by its quality factor
and inverse mode volume. To increase light-matter coupling
even further, it becomes imperative to engineer QDs with an
enhanced oscillator strength. In fact, it has been pointed out
by Hanamura15 that for excitons in the weak confinement
regime, that is, when the spatial extent of the confinement
potential is larger than the exciton Bohr radius, the oscillator
strength is proportional to the QD-volume and is predicted to
be orders of magnitude larger than that of strongly confined
excitons (the so-called ‘giant oscillator strength’ regime).16
Engineering QDs with giant oscillator strength is not
straightforwardly accomplished in practice because the QDs
must have a uniform potential profile over length scales larger
than the exciton Bohr radius. For instance, the commonly
employed In(Ga)As/GaAs QDs suffer from inhomogeneous
strain and alloy composition, which create localized poten-
tial minima thereby impeding the coherent distribution of
the ground-state exciton over length scales comparable to the
measured physical size of the QDs. Another fundamental is-
sue is the large value of the exciton Bohr radius, which attains
48 nm in InAs, as compared to only 11 nm in GaAs.17 Em-
ploying a modified LDOS near a semiconductor-air interface
revealed a small oscillator strength of large In(Ga)As/GaAs
QDs corresponding to strongly-confined charge carriers.18
Interface-fluctuation GaAs QDs constitute another example
of widely studied large semiconductor QDs19 where indica-
tions of a giant oscillator strength have been reported.20
Droplet epitaxy21–26 is a powerful emerging growth tech-
nique, which is potentially capable of providing a solution to
the aforementioned challenges. Recently, it has been shown
that with a proper interplay among growth parameters, one
can obtain droplet-epitaxy QDs with an optical quality (i.e.,
narrow linewidths) approaching that of Stranski-Krastanov
(SK) InAs QDs.27 Self-assembled GaAs QDs grown by droplet
epitaxy are strain free because they are embedded in lattice-
matched AlGaAs barriers,21 which renders two important ad-
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Figure 1: (a) Schematic of the cutaway profile of our sample (not to scale). (b) Scanning electron micrograph data of the
uncapped reference sample.
vantages. First, there is no strain energy stored in the QDs,
which would degrade the homogeneity of the potential profile,
and second, strain-related structural defects are avoided. In
this regard, physically large QDs can be realized, which could
potentially exhibit strongly enhanced coupling to light. More-
over, droplet epitaxy permits the growth of QDs with a very
low surface density (a few QDs per µm2), which enables their
individual control and manipulation. Finally, QDs grown by
droplet epitaxy are promising for use in the visible spectrum
where Si-based detectors attain maximum efficiency.
Despite these important advantages, droplet epitaxy is a
relatively new technology and the droplet-epitaxy QDs lack
detailed and systematic studies of their optical properties. In
particular, their oscillator strength and quantum efficiency
have not been studied. From a physical point of view, the
quantum efficiency is the probability that an exciton captured
by the QD recombines radiatively. Being part of a solid-state
system, QDs are prone to growth imperfections and, hence,
to nonradiative decay channels, e.g., via carrier trapping by
QD surface states.28 Unfortunately, little attention is being
drawn in the literature to nonradiative decay and it is of-
ten implicitly assumed that the QDs decay purely radiatively.
Nonradiative processes degrade the ability of QDs to gener-
ate single photons on demand, which is an important goal
in the field of quantum-information processing. Nonradia-
tive rates have been difficult to quantify, since the measured
recombination rate of the exciton is given by the sum of radia-
tive and nonradiative components, and hence their individual
contribution are not separated straightforwardly. By control-
lably modifying the LDOS, it has been shown recently that
SK In(Ga)As QDs possess non-negligible nonradiative con-
tribution with quantum efficiency between 80 % and 95 %.29
Furthermore, large In(Ga)As QDs were found to exhibit a
quantum efficiency of only 30 to 60 %.18
In this paper, we perform for the first time a systematic
study of the decay dynamics of large QDs grown by droplet
epitaxy and measure the oscillator strength and quantum effi-
ciency. We present a detailed analysis of three individual QDs.
Surprisingly, the oscillator strength reveals that the excitons
are in the strong-confinement regime despite the large size of
droplet-epitaxy QDs. The small exciton size is cross-checked
by quantitatively analyzing the phonon-broadened spectra.
Our results are in qualitative agreement with the work of Rol
et al.30 for GaN QDs, where a similar analysis revealed that
the excitons are smaller than the QD size. The extracted
quantum efficiency (70 to 80 %) turns out to be lower than
that of small In(Ga)As QDs29 yet larger than the quantum
efficiency of large In(Ga)As QDs.18 Our work confirms that
nonradiative processes in semiconductor QDs have a profound
impact on their optical properties. We also show that some
QDs exhibit a pronounced reduction in their effective transi-
tion strength and quantum efficiency with temperature, which
we attribute to coupling to excited states of the QD.
The paper is organized as follows. In Sec. II we outline the
growth recipe of our sample and the experimental procedure
in the optical experiments. Sec. III presents the spectral be-
havior of the photoluminescence (PL) while Sec. IV is devoted
to analysing the decay dynamics of the excitons captured by
the QDs, which enables extracting the oscillator strength and
quantum efficiency. Sec. V explores the temperature depen-
dence of the excitonic decay dynamics. Finally, in Sec. VI the
phonon-broadened spectra are quantitatively analyzed.
II. SAMPLE GROWTH AND EXPERIMENTAL
PROCEDURE
The sample used in our experiment was grown on an
n-type GaAs (001) wafer. After thermal removal of sur-
face oxides, 0.1 µm GaAs, 10 nm AlAs, 0.94µm GaAs, and
50 nm Al0.3Ga0.7As layers was grown successively at 580
◦C.
Thereafter, GaAs QDs were grown by droplet epitaxy ac-
cording to the following procedure. At a substrate tem-
perature of 300 ◦C, Ga atoms were injected onto the sur-
face at a vacuum level of 10−10 Torr. The amount of Ga is
equivalent to the Ga content in two GaAs monolayers. Af-
ter injection of As and subsequent crystallization, a 20 nm-
thick Al0.3Ga0.7As layer was grown by migration-enhanced
epitaxy, a technique used for growing high-quality heteroin-
terfaces at low temperatures.31 The temperature was then
raised back to 580 ◦C and an additional 85 nm Al0.3Ga0.7As
layer and a 3 nm GaAs cap were successively grown. We an-
nealed the sample at 850 ◦C for 240 s in N2-atmosphere to
improve the optical properties of the QDs.32 A sketch of the
3cutaway profile of our sample is depicted in Fig. 1(a), while
Fig. 1(b) shows a scanning electron microscope (SEM) image
of a sample grown under identical conditions but uncapped,
which revealed a QD density of 6–7µm−2. From atomic force
microscopy (AFM) we found that the uncapped dots were
lens-shaped and asymmetric in-plane with a major diame-
ter of (82.4± 7.6) nm, a minor diameter of (54.4± 12.8) nm
and a height of (25.2± 8.8) nm but intermixing during over-
growth might change their size.32 In fact, we will show in
sections IV and VI that ground-state excitons are strongly
confined, which represents direct evidence of significant inter-
diffusion during annealing.
For optical measurements, the sample was placed in a liquid
helium flow cryostat at 10 K unless stated otherwise. A pulsed
supercontinuum white-light source was spectrally filtered by
an acousto-optic modulator at a wavelength of 632 nm and
was focused on the sample from the top to a spot size of about
1.4µm2 through a microscope objective with NA = 0.6. The
wavelength corresponds to above-band excitation of the QDs.
The emission from the QDs was collected by the same mi-
croscope objective. The cryostat was mounted on translation
stages to control the excitation and collection spot with an ac-
curacy of 100 nm. The emission was spatially filtered by a cir-
cular aperture with a diameter of 75µm and was subsequently
dispersed by a monochromator with a spectral resolution of
50 pm. The filtered light was sent either to a charge-coupled
device (CCD) for spectral measurements or to an avalanche
photodiode (APD) for time-resolved measurements.
III. SPECTRAL MEASUREMENTS
The optical properties of the QDs are investigated by means
of above-band optical excitation, where electron-hole pairs are
photoexcited in the Al0.3Ga0.7As matrix in which the QDs
are embedded. Due to the low areal density, the spectrum
normally consists of individual lines at low average excita-
tion power densities of 143 W/cm2 or below, which corre-
sponds to the recombination of the ground-state exciton in
the QD (further denoted as the X or exciton line, see Fig. 2,(a)
through (c)). For all three QDs, the integrated PL intensity
of the X lines is approximately linear with excitation power,
cf. Fig. 2(d)-(f) as expected for excitons. The integrated
intensity was calculated as follows. The X line was fitted
with a Lorentzian plus a constant background whereupon the
Lorentzian was integrated. The exciton line saturates at a
pumping intensity of about 286 W/cm2, which corresponds
to the onset of the biexciton as discussed later. The spec-
tral behavior of QD B is different because two emission lines
arise at low pumping powers. We have identified them as an
exciton and a trion via time-resolved measurements, which
is consistent with previous investigations of droplet-epitaxy
GaAs QDs.33–36 In particular, the exciton decays biexponen-
tially (see Sec. IV) and the trion single-exponentially because
it does not have a dark fine structure.37
The emission linewidth of QDs B and C is limited by the
resolution of our spectrometer (50 pm equivalent to 120 µeV at
a wavelength of 720 nm), which is clear evidence of single-QD
emission. However, the line belonging to QD A is relatively
broad and is found to be of the order of 260µeV after decon-
volving it with the instrument response function, and is much
broader than the radiative linewidth of several µeV of the ex-
citonic transition in single QDs. This broadening is mainly
caused by two factors. First, a noticeable broadening can be
induced by the fine-structure splitting38 (FSS) of the bright
exciton.39 Second, the broadening of the exciton line is asso-
ciated with spectral diffusion induced by a time-fluctuating
quantum-confined Stark effect40 related to charging and dis-
charging of trap defects.41 This scenario is plausible, given the
low-temperature growth of the droplet-epitaxy QDs, which
can affect the quality of their crystalline structure.
At higher excitation powers (286 W/cm2 or above) we ob-
serve a second line, which is redshifted by 2–4 meV with re-
spect to the exciton line. From power-series measurements
(see Fig. 2), the slope of the integrated intensity (the raw
data were integrated directly due to the broad and irregu-
lar shape of the line) is significantly larger than that of the
X-line, which suggests a biexciton to exciton recombination.
For biexcitons, the PL intensity is expected to be quadratic
with excitation power. For QD A the data show good agree-
ment but for QDs B and C the slope of the second peak is
found to be superlinear but less than two. Therefore, we per-
formed lifetime measurements on these two peaks to confirm
the biexcitonic origin of the second peak. The details about
decay curve modelling will be extensively discussed in the
following section; for now, we will just use the results. We
obtain a total decay rate for the exciton (secondary) line ly-
ing in the range 1.6–2.1 ns−1 (3.6–4.3 ns−1) for all three QDs.
In the limit of slow spin-flip processes,42 the biexciton should
be twice as fast as the exciton because it has two possible
radiative decay channels, i.e., it can decay to either of the
bright states, while the exciton has a single radiative decay
channel. Similarly, the biexciton is expected to decay twice as
fast nonradiatively because any of its charge carriers is prone
to nonradiative loss. For example, let us assume that one
type of charge carriers (e.g., holes) have the largest nonra-
diative decay, and that the hole decays with the same rate
from an exciton or biexciton. Then, in the first approxima-
tion, an exciton |↑⇓〉 decays to |↑ 0〉, while a biexciton |↑↓⇑⇓〉
can decay either to |↑↓⇑ 0〉 or to |↑↓ 0 ⇓〉, where the single ar-
row denotes the electron spin and the double arrow the hole
spin. As a consequence, the total decay rate of the biexciton
is expected to be γXX = 2γX,RAD + 2γX,NRAD = 2γX , where
γX is the total decay rate of the exciton. The time-resolved
measurements confirm that the second line is due to biexciton
recombination (further denoted as the XX line).
The XX saturation intensity should correspond to the on-
set of multi-particle recombination because more than four
single-particles (2 electrons + 2 holes) are stored in the QDs.
Indeed, an increasing number of spectral lines on top of a
continuous background appear at yet larger excitation inten-
sities. Additionally, the XX line exhibits a peculiar feature: it
is spectrally broadened and time-resolved measurements show
that the low-energy sideband decays first. In fact, this behav-
ior was seen in the past for GaAs interface-fluctuation QDs at
large excitation powers and was attributed to Coulomb inter-
action between the biexciton and charge carriers present at
higher lying states in the surrounding quantum well.20 Our
scenario is in fact very similar, the main difference being that
the higher lying states belong to the same QD and not to a
quantum well.
Aside from these common features, each QD has its own
spectral repertoire. An interesting example is the line of QD
A at a wavelength of 728 nm. Its energy distance to the ex-
citon peak is 33.4 meV, which suggests an optical phonon
replica since the bulk GaAs LO (TO) phonon energy is
36.6 meV (33.2 meV). By fitting the emission spectrum with
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Figure 2: (Color online) (a-c) Spectra at different excitation power densities for the three QDs discussed in this paper. The
exciton, trion and biexciton lines are labelled as X, T and XX, respectively. For QD A, an LO-phonon replica is observed.
(d-f) Integrated intensity as a function of pumping power for the X (blue upward triangles) and XX lines (green downward
triangles) along with the corresponding polynomial fits.
a Lorentzian function and deconvolving with the point-spread
function of the setup we obtain a FWHM of 430µeV. At this
particular excitation power (far beyond saturation), the X line
is 436µeV broad. Consequently, we attribute this red-shifted
spectral emission to the optical phonon replica of the exciton.
To conclude this section, let us calculate the band struc-
ture of the QDs. The only information taken from exper-
iment is the emission frequency of the exciton. The QDs
emit in a wavelength range between 700 and 740 nm and the
band gap of GaAs (Al0.3Ga0.7As) of about 820 nm (640 nm)
at low temperatures,43 and given the fact that confinement
effects are supposed to be small due to the large size of the
QDs, we conclude that the growth has resulted in a substan-
tial interdiffusion between the AlGaAs matrix and the GaAs
QDs. Consequently, we expect the conduction and valence
band potential profiles to follow the intermixing profile, as
is qualitatively sketched in Fig. 3. Unfortunately we do not
know the explicit spatial dependence of the latter; therefore,
in order to provide a quantitative picture of the average in-
terdiffusion magnitude, we assume for the moment that the
potential profile is constant. This is of course a drastic as-
sumption and is just meant to provide a simplified picture of
the band structure and, therefore, its consequences should be
treated with care (in fact, we will see later that the poten-
tial profile does exhibit a spatial dependence). Similarly, by
virtue of the previous arguments, we believe that confinement
effects are smaller than the involved energy scales of the band
diagram, therefore we neglect them to simplify the discussion.
Then, in the effective-mass approximation, we can write down
the energy position in eV of the conduction Ec,Γ and valence
Ev,Γ bands of AlxGa1−xAs at the Γ point in Fourier space43,44
Ec,Γ(x) = 2.979 + 0.765x+ 0.305x
2, (1)
Ev,Γ(x) = 1.460− 0.509x. (2)
By solving for Ec,Γ−Ev,Γ = EPL, where EPL is the emission
energy, we obtain an average Al content of 15.3 % for a wave-
length of 720 nm. This yields a total confinement energy of
51 meV for holes and 92 meV for electrons. The corresponding
band diagram, which includes the aforementioned simplifica-
tions, is sketched in Fig. 3. We would like to underline that
the first valence band eigenstate is expected to be heavy-hole
like due to the relatively small aspect ratio of the QDs45 as
seen in Sec. II (diffusion should not change the aspect ratio
because it is approximately isotropic). This can be under-
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Figure 3: (Color online) Approximated band diagram (solid
black lines) of the QDs under the assumption of constant Al
content within the QD. Charge carriers are generated inside
the Al0.3Ga0.7As matrix and are subsequently trapped by the
Al0.15Ga0.85As QDs before recombining radiatively around a
wavelength of 720 nm. The dotted line is a qualitative sketch
of the actual potential profile whose smooth spatial depen-
dence is a consequence of alloy inhomogeneities within the
QD, thereby rendering the spatial extent of the ground-state
exciton smaller than the size of the QD (see text for details).
stood by taking the limit of vanishing in-plane confinement.
Then, the quantization axis would be the same (along the
z-axis, parallel to the QD height)46 and the heavy-hole band
would completely decouple from split-off and light-holes at the
Γ-point and would be energetically closest to the conduction
band, as is well-known for quantum wells.47 The presence of
a finite in-plane confinement, as is the case for small aspect-
ratio QDs, induces a small contribution from the light-hole
band, which can be neglected for practical purposes.45
IV. OSCILLATOR STRENGTH AND
QUANTUM EFFICIENCY
Spectral measurements provide important insight to the
level structure of QDs, as we have seen in the previous section.
However, phenomena with a lifetime significantly shorter than
a few hundred milliseconds are averaged out and therefore
not resolved. For instance, spontaneous emission, spin-flip
processes, phonon scattering, etc., are processes which occur
somewhere between picosecond to microsecond time scales.
Time-resolved measurements of the PL signal have the ca-
pability of providing rich information about such processes.
The figure of merit quantifying the coupling of an emitter to
light is the oscillator strength f , which is proportional to the
radiative decay rate in a homogeneous medium γHOMRAD via
16
f =
6pim00c
3
0
e2nω20
γHOMRAD , (3)
where n is the refractive index of the host material (in our
case Al0.3Ga0.7As), ω0 and c0 constitute the frequency and
speed of light, respectively, 0 the vacuum permittivity, m0
the electron mass, and e the elementary charge. In other
words, the oscillator strength of the QD can be obtained by
measuring the radiative decay rate of the ground-state exci-
ton. However, the latter is not a straightforward task because
the measured decay rate γTOT is the sum of the radiative rate
γRAD and all nonradiative recombination channels γNRAD. In
general, nonradiative processes are omnipresent in solid-state
systems even at low temperatures and, therefore, cannot be
neglected. We can define the intrinsic quantum efficiency η
as the probability of an emitter to recombine radiatively
η =
γHOMRAD
γHOMRAD + γNRAD
. (4)
In this section we extract the oscillator strength and quan-
tum efficiency of droplet-epitaxy QDs by accounting for the
transfer of the excitonic population within the QD.
If the excitation intensity is below the onset of the biexci-
ton line (see Fig. 2), only one electron and one hole are cap-
tured by the QD. These carriers undergo phonon-scattering
processes on a time scale of the order of picoseconds (several
orders of magnitude faster than the radiative recombination)
before they end up in the QD ground state. We employ the
effective-mass approximation to describe the QDs.48 We have
discussed in Sec. III that the hole ground state is to a large ex-
tent heavy-hole like with a total angular momentum Jh = 3/2
and two possible projections Jh,z = ±3/2,17 which we refer
to as |3/2,±3/2〉. The conduction band Bloch functions are
spherically symmetric and, therefore, the electron has no or-
bital angular momentum. Hence, its total angular momentum
is given by its spin with |1/2,±1/2〉. Consequently, four ex-
citon eigenstates are formed with J = 2 and Jz = {±1,±2}.
Two excitons out of four have a projected angular momen-
tum of ±1 and are optically bright, which is why they are
referred to as bright excitons |B〉, see Fig. 4(a). Excitons
with Jz = ±2 do not couple to the light field and are denoted
as dark excitons |D〉. Due to electron-hole exchange interac-
tion, bright excitons are situated higher in energy than dark
excitons by an amount ∆BD of several hundred µeV.38
The exciton captured by the QD ends up either being bright
or dark with equal likelihood because above-band excitation
is performed.49 Dark excitons |D〉 cannot decay radiatively
but they can decay nonradiatively with the corresponding
nonradiative recombination rate γNRAD, as seen in Fig. 4(a).
Dark excitons can become bright through spin-flip processes
at the rate γSF. Unlike for bulk semiconductors or quan-
tum wells, which have quasi-continuous energy states, the en-
ergy levels in QDs are quantized, which makes it difficult for
charge carriers to simultaneously flip spin and fulfil energy
conservation.50,51 This leads to two important consequences.
First, spin-flip processes are primarily phonon-mediated ow-
ing to the energy conservation requirements. This is possible
because the thermal energy kBT  ∆BD at the temperatures
the experiment is carried out, and this is the reason why dark-
bright and bright-dark flip rates are assumed to be the same.
And second, QDs are characterized by slow spin-flip rates and
have been measured to be of the order of hundred nanosec-
onds, i.e., much slower than radiative rates.52 It is important
to underline that spin flip is the key process allowing us to sep-
arate radiative from nonradiative rates, as we will see shortly.
In turn, the bright state |B〉 can decay both radiatively with
γRAD and nonradiatively with γNRAD, and it can also become
dark by a spin-flip process γSF. The nonradiative rates are
taken to be the same for bright and dark excitons due to
their small energy splitting.52 Consequently, we can write the
equations governing the transfer of the excitonic population
within the QD for pulsed excitation below saturation(
ρ˙B
ρ˙D
)
=
(−γRAD − γNRAD − γSF γSF
γSF −γNRAD − γSF
)(
ρB
ρD
)
,
(5)
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Figure 4: (Color online) (a) Level scheme describing the relevant population transfer of the exciton in a QD, which has a direct
impact on the bright exciton decay dynamics. The bright exciton |B〉 can decay either radiatively (γRAD) or nonradiatively
(γNRAD) and can interact with its dark counterpart |D〉 via the spin-flip rate (γSF). (b) Time-resolved decay dynamics of the
exciton (blue) and biexciton (green) of QD A along with the corresponding weighted residuals marked by blue circles and green
squares, respectively. The red solid line indicates the fit while the dashed/dotted lines denote the background level. The data
are fitted ∼0.5 ns later than the beginning of the decay due to filling effects (see text).
where ρ denotes the probability to occupy the corresponding
level and the dot indicates the time derivative. Under the
realistic assumption that spin flip-processes are much slower
than the radiative decay rate, i.e., γSF  γRAD, we solve
Eq. (5) and obtain the temporal decay of the bright state
ρB(t) = ρB(0)e
−(γRAD+γNRAD)t+
γSF
γRAD
ρD(0)e
−(γNRAD+γSF)t.
(6)
The bright exciton exhibits a biexponential decay with the
fast rate γF = γRAD +γNRAD and the slow rate γS = γNRAD +
γSF. Consequently, by fitting the measured decay curves with
f(τ) = AF e
−γF τ + ASe−γSτ + C, where τ is the time delay
with respect to the start of the excitation pulse and C is
the background level, which is determined by the measured
dark-count rate and after-pulsing probability of the detector,
we can unambiguously extract the radiative and nonradiative
rates via
γRAD = γF − γS + AS
AF
ρB(0)
ρD(0)
, (7)
γNRAD = γS − AS
AF
ρB(0)
ρD(0)
. (8)
Due to the fact that above-band excitation is performed,
ρB(0)/ρD(0) = 1 since uncorrelated electron-hole pairs are
generated that are equally likely to be prepared in either of
the excitonic states. The extracted radiative rate γRAD does
generally not equal the homogeneous radiative rate γHOMRAD be-
cause the emitter is not placed in an infinite homogeneous
medium. Therefore, we calculate the normalized LDOS at
the position of the emitter53 for the layered structure out-
lined in Fig. 1(a) and obtain a value of 1.05. We use this
value along with Eqs. (3–4) to extract the oscillator strength
and quantum efficiency of droplet-epitaxy QDs.
Experimentally, the decay dynamics is recorded by select-
ing a single spectral line and sending it to the APD for time-
resolved measurements. The excitonic and biexcitonic decays
of QD A, both below saturation, are plotted in Fig. 4(b) along
with the corresponding fits. In order to quantify how well the
fit reproduces the experimental data we define the weighted
residual Wk as
Wk =
ρM (tk)− ρF (tk)√
ρM (tk)
, (9)
where ρM is the measured data, ρF represents the fitted value,
and the discreetness of the time-delay axis is denoted by the
subscript k. The biexponential decay is fitted to the acquired
data using a least-squares approach where the collapsed resid-
ual χ2R =
1
N−p
∑N
k=1 W
2
k is minimized, N being the total num-
ber of time bins and p the number of adjustable parameters
in the model.
The exciton exhibits a biexponential behavior, which is con-
firmed by the low χ2R (see Table I; it is important to emphasize
that a single exponent severely underfits all the decay curves
at 10 K) with the fast rate of the order of 2 ns−1 and the slow
rate about three times smaller, as can be seen in Fig. 4(b).
We extract an oscillator strength of around 9 and a quan-
tum efficiency between 69 to 79 % (see Table I). Even though
the quantum efficiency of droplet-epitaxy QDs is found to be
lower than that of small InAs QDs, their optical quality is sig-
nificantly higher than that of large InAs QDs whose quantum
efficiency ranges between 30 and 60 %.18 We believe the rea-
son for this to be the absence of strain-related effects in GaAs
QDs, which makes droplet epitaxy a growth technique poten-
tially capable of delivering QDs with very high optical quality
suitable for quantum-information applications. We attribute
the less-than-unity quantum efficiency to the low-temperature
growth of the capping layer, see Sec. II.
It is commonly stated that a key advantage of QDs relies
in their oscillator strength, which is about one order of mag-
nitude larger than that of atomic emitters. However, it is
important to underline that the oscillator strength depends
on the QD size. Only for QDs smaller than the exciton Bohr
radius a0 (further denoted as ‘small QDs’) does the oscillator
7QD A QD B QD C
γF (ns
−1) 2.07 1.61 2.00
γS (ns
−1) 0.60 0.34 0.62
AS/AF × 10−3 10 50 23
χ2R 1.1 1.05 1.02
γRAD (ns
−1) 1.47 1.27 1.38
γNRAD (ns
−1) 0.58 0.28 0.59
γSF (µs−1) 14.4 57.7 30.4
oscillator strength 9.4 8.2 9.0
quantum efficiency(%) 70.1 78.1 69.0
|〈ψh|ψe〉|2 (%) 56.5 49.1 53.5
Table I: Quantities extracted from the exciton decay.
strength become almost independent of the QD size.15,16,54 In
the dipole- and effective-mass approximations, the oscillator
strength of small QDs is given by
f =
EP
~ω0
|〈ψh| ψe〉|2 (10)
where EP is the Kane energy and ψe (ψh) is the electron
(hole) slowly-varying envelope function. This so-called ‘strong
confinement regime’ has an upper bound for the oscillator
strength of fMAX = EP /~ω0, which amounts to 16.7 for a
GaAs QD at an emission wavelength of 720 nm, where we
have used a GaAs value of 28.8 eV for the Kane energy.43
On the other hand, QDs whose linear size L is larger than
a0 (further denoted as ‘large QDs’) exhibit an enhanced light-
matter interaction. For example, the oscillator strength of a
spherical QD is given by16 fSPH = fMAX × √pi (L/a0)3, and
scales with the number of unit cells the exciton spreads itself
across. The oscillator strength in weakly-confined systems
can become significantly larger than fMAX if L > a0. This
behavior of large QDs was coined the giant oscillator strength,
and its physical reason is related to the superradiant nature
of the ground-state exciton, which distributes itself coherently
over a much larger volume than it otherwise does in small QDs
or bulk.15
According to the AFM data, the QDs have an in-plane ra-
dius of 30–40 nm and a height of 25 nm before capping and
annealing. Given the fact that all the dimensions are weakly
confined, we compare the QD to a sphere with the same vol-
ume and obtain an expected oscillator strength beyond 900,
which is two orders of magnitude larger than the observed
oscillator strengths of about 10 that are listed in Table I.
This value is within the strong confinement limit, which is
direct evidence that the excitons are strongly confined in the
droplet-epitaxy QDs. In other words, it appears that the
effective size of the QDs is diminished by the capping and an-
nealing processes. This assumption is supported by the emis-
sion wavelength (see the discussion in Sec. III), which is sub-
stantially smaller than the GaAs bandgap, thereby suggesting
considerable alloy inhomogeneities in the QDs and, hence, a
reduction of the ground-state exciton coherence volume. Our
results clearly underline the importance of a growth technique
which would induce as little intermixing as possible between
the QD and the surrounding matrix in order to obtain en-
hanced light-matter interaction. With the help of Eq. (10)
we calculate the electron-hole overlap integral |〈ψh| ψe〉|2 to
range between 0.49–0.57, which is comparable but smaller
than that of SK InAs QDs (0.62–0.77).29
Let us return to the decay dynamics of the biexciton, as
shown in Fig. 4(b). Surprisingly, a single-exponential does not
fit the curve for all the investigated QDs. We attribute this to
spectral pollution of the biexciton line by LA phonons stem-
ming from the exciton line.55–57 Hence, the PL signal IAPD
at the emission frequency of the biexciton within a frequency
range determined by the resolution of the setup (50 pm) is
given by
IAPD = AXXe
−γXX t+CLAAF e
−γF t+CLAASe
−γSt+C, (11)
where CLA is the integrated coupling coefficient of the zero-
phonon line to the modes which overlap spectrally with the
biexciton emission. It is clear from Eq. (11) that the decay
curve is expected to be triple-exponential with the fastest rate
γXX corresponding to the biexciton decay rate.
We have fitted the biexciton curve with a triple exponen-
tial, see the red solid line in Fig. 4(b). The extracted fast
rate γXX = 3.68 ns
−1 roughly equals 2γF of the bright exciton
(see Table I), in good agreement with the theoretical consid-
erations in Sec. III. The middle and slow rates are found to
be 2.2 ns−1 and 0.44 ns−1, respectively, and reproduce quite
accurately the fast and slow rates of the exciton line (note-
worthy, the biexciton line was recorded above the exciton sat-
uration, which is why the decay rates of the exciton at this
elevated power might be different than the ones given in Ta-
ble I), which brings further evidence of a phonon-mediated
emission of the ground-state exciton overlapping spectrally
with the biexciton.
To conclude this section, we emphasize that although the
ground state is clearly strongly confined, the excited states
do not necessarily have to be so. We have already shown that
it is very likely that the droplet-epitaxy QDs are character-
ized by a smooth spatial potential, which follows the alloy-
intermixing profile implying that excited states become less
confined (see Fig. 3). In general, there is no obvious corre-
lation between the confinement of ground-state excitons and
the QD size, if the potential profile is not uniform within the
QD. In fact, despite the strong confinement of the ground
state, the droplet-epitaxy QDs can be considered ‘large’ be-
cause they contain a large number of excited states, which is
supported by two independent experimental findings. First,
time-resolved measurements of the exciton line above satura-
tion show pronounced filling effects (i.e., there is a substan-
tial time interval between the excitation pulse and the actual
PL decay), which is characteristic for large QDs.18,20 Second,
the effective transition strength is diminished with increasing
temperature, which is direct evidence of nearby excited states
(several meV away), as is shown in the following section.
V. TEMPERATURE DEPENDENCE OF THE
EFFECTIVE TRANSITION STRENGTH
Due to three-dimensional confinement, QDs have discrete
energy levels. At low excitation powers and temperatures,
only the ground state is relevant because the first excited
eigenstate is situated at much higher energies than the ther-
mal energy kBT . This picture is justified for small QDs where
confinement effects are significant but it might no longer be
valid in large QDs where the energy difference between the
eigenstates may become comparable to the thermal energy;
for example, kBT = 4.3 meV at 50 K. Thermal population
of excited states leads to a modification of the level scheme
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Figure 5: (Color online) Spectra and decay dynamics of excitons captured by QD A at various temperatures for an excitation
power density of 286 W cm−2, which is below saturation of the exciton line. (a) Spectra recorded within a temperature range
of 10–60 K. (b) Time-resolved decay of the exciton line from 10 K to 50 K showing an increase in the exciton lifetime with
temperature. (c) Temperature dependence of the fast, radiative, nonradiative, and spin-flip rates of the exciton, as well as (d)
its effective transition strength and quantum efficiency. The black dashed line fits the spin-flip rates with a linear function
passing through the origin. The dotted lines provide guides to the eye.
in Fig. 4(a) and, thus, of the exciton dynamics. More im-
portantly, if a single excitation is thermally shared by sev-
eral eigenstates, the effective transition strength becomes
temperature-dependent and does not coincide with the os-
cillator strength of the ground-state exciton.58 Generally, the
oscillator strength is a property of two energy levels and quan-
tifies the emission rate of light. When an exciton is shared
among many energy levels (as in the case of a quantum well
at finite temperatures for example), the radiative decay rate
of the system can no longer be used to extract the oscilla-
tor strength. In this context, the effective transition strength
becomes a more relevant quantity and determines the light
emission rate.58 In the following, we present a study of the
temperature properties of droplet-epitaxy QDs.
Some of the QDs we have investigated exhibit a striking
reduction in their effective transition strength as the temper-
ature is increased. In this section we show that this behavior
is a direct consequence of their large size. On the other hand,
some QDs do not have a pronounced temperature dependence
of the decay dynamics, which suggests a limited interaction
with excited states or, alternatively, a smaller effective size.
The latter are not considered further in the following.
Figure 5(a) displays the acquired PL spectrum of QD A
in a temperature range from 10 to 60 K below the exciton
saturation. A pronounced redshift of the excitonic line is ob-
served due to the well-known band gap shrinkage with tem-
perature. At 60 K the PL signal is quenched, probably due
to the low quantum efficiency of the transition. A narrow
line, blueshifted by 700 µeV with respect to the exciton line,
appears with increasing temperature. It cannot be an ex-
cited state because it would have been thermally populated
at energies 4kBT ≈ 700 µeV corresponding to T ≈ 2 K. Time-
resolved measurements revealed that it decays identically to
the exciton line for all temperatures. This is consistent with
the behavior of a charged exciton (a trion), which is expected
to decay with roughly the same rate as the neutral exciton.
Henceforth we turn our attention exclusively to the exciton
line.
9QD A reveals a pronounced dependence of the decay dy-
namics on temperature, see Fig. 5(b). As the temperature is
increased, the bright exciton decays slower up to 50 K. Inter-
estingly, the decay curves become single-exponential at tem-
peratures higher than 40 K. This is a consequence of γNRAD
becoming comparable to γRAD, whereby the biexponential
decay is masked by the measurement noise and the curves
become single-exponential. More formally: in order to re-
solve a biexponential decay, the PL signal of the fast com-
ponent must decay before the amplitude of the slow compo-
nent becomes smaller than the background noise ∆ABG, i.e.,
AF e
−γF t ≤ Ase−γSt and ∆ABG < Ase−γSt. This gives the
important condition for experimentally observing the slow de-
cay component
γNRAD
γRAD
.
ln
(
AS
∆ABG
)
ln
(
AF
AS
) . (12)
In the limit of noiseless measurements, the slow component
can always be detected, whereas if the noise equals the slow
component amplitude, the biexponential decay cannot be re-
solved at all and the curve appears single-exponential. It
is also clear that a longer integration time τ of the de-
cay curves enables resolving the biexponential decay better
because the PL signal scales with τ and the measurement
noise with
√
τ . In our experiment, AS/∆ABG ≈ 60 and
AF /AS ≈ 20 at a temperature of 40 K for example, which
yield γNRAD/γRAD . 1.4. Indeed, at 40 K γNRAD/γRAD is
about 1.4, cf. Fig. 5(c), while at 50 K the decay cannot be fit-
ted with a biexponential, which is direct evidence of the low
quantum efficiency of the transition. This is confirmed by
the luminescence quenching in the spectrum, see Fig. 5(a).
Henceforth only the biexponential curves will be discussed.
The sudden threefold drop in the radiative decay rate and,
consequently, in the effective transition strength with tem-
perature (see Fig. 5(c) and (d)) is puzzling at first sight since
the spontaneous emission rate of QDs is expected to be in-
dependent of temperature at low temperatures.59 It is worth
noting that a quantum well for example does decay slower
with increasing temperature owing to thermal excitation of
excitons away from the Brillouin zone center, which makes
them optically dark.60,61 A similar effect was predicted the-
oretically for QDs and attributed to thermal population of
excited states62 but is not expected to occur in small QDs at
low temperatures by virtue of their zero-dimensional density
of states. In large QDs, however, thermal excitation may oc-
cur at substantially lower temperatures. We will elaborate on
this in the next paragraphs. We would like to point out that
a reduction in the decay rate was observed for SK InAs QDs
in a similar temperature range and was attributed to carrier
redistribution among different QDs via the wetting layer.63–65
Such a mechanism is not possible for droplet-epitaxy QDs due
to the lack of a wetting layer and carrier redistribution among
different QDs can be safely neglected because the thermal en-
ergy is much smaller than the confinement potential of charge
carriers in the present experiment, see also Fig. 3.
We first discuss the physical mechanism governing the de-
crease in the bright-exciton transition strength qualitatively
and return to a more formal discussion later. We first fo-
cus on bright excitons because dark excitons do not affect
the fast rate. Due to the large size of droplet-epitaxy QDs,
excited states with small oscillator strength might be ther-
mally activated. In the single-particle picture for example, if
Figure 6: (Color online) A natural extension of the level
scheme presented in Fig. 4(a) at elevated temperatures. In
large QDs the ground-state bright exciton might be thermally
excited to a higher energy (hot) state |H〉 (γ∗PH = γPH × BF,
where BF is the Boltzmann factor). The hot state can decay
back to the bright state via γPH; aside from that, |H〉 decays
nonradiatively via γH.
the hole populates the first excited state |2h〉 (this is more
likely because the effective mass of holes is larger than for
the electrons) and the electron is in the ground state |1e〉,
then the dipole transition strength between them is parity
forbidden. This is consistent with the fact that we do not see
excited states in the PL spectrum. The in-plane symmetry
of the QDs implies that there must exist two closely-spaced
optically-inactive excited states (they would be degenerate
in case of perfect rotational symmetry). As a consequence,
a single excitation would be shared between a parity-bright
and two parity-dark eigenstates. In the limit kBT  ∆EHB ,
where ∆EHB is the energy difference between the ground and
excited states, the exciton will populate the bright state with
a probability of 1/3, which means that its effective transition
strength will decrease by a factor of three.
We denote the excited eigenstates hot states |H〉 and the
modified level scheme is sketched in Fig. 6. For simplicity, we
first analyze the implications of a single hot state and then we
generalize the results. The hot state decays to the bright state
via the phonon-mediated rate γPH and becomes populated
from the bright state via γ∗PH = γPH × exp (−∆EHB/kBT ).
Additionally, the hot state decays nonradiatively via γH. We
include only the bright exciton of the hot states in our model
to simplify the discussion, however its implications will be
addressed for the dark state as well. Therefore, we set the
spin-flip rate γSF = 0 for the moment and solve the rate
equations analytically. For the realistic assumption that γPH
is the fastest rate in the system (phonon scattering is of the
order of picoseconds), we obtain for the decay of the bright
state
ρB(t) =
1
1 + BF
[BFρB(0)− ρH(0)] e−γPH(1+BF)t
+
1
1 + BF
[ρB(0) + ρH(0)] e
− γRAD+γNRAD+BFγH
1+BF
t,
(13)
where BF = exp (−∆EHB/kBT ) is the Boltzmann factor.
The first term accounts for the build-up of the excitonic pop-
ulation on a phonon scattering time scale, as expected. The
10
population decay is characterized by the second term
γF =
γRAD + γNRAD + e
−∆EHB
kBT γH
1 + e
−∆EHB
kBT
= γ∗RAD + γ
∗
NRAD.
(14)
where the asterisk denotes temperature-dependent quantities,
and γH was merged with the temperature-dependent nonra-
diative rate. It is clear that for thermal energies comparable
to ∆EHB , the fast decay rate of the bright state decreases up
to a factor of two. In general, the presence of N parity-dark
states would decrease the effective transition strength F by a
factor of N + 1, i.e., F = f × γHOM∗RAD /γHOMRAD = f/(N + 1). As
a consequence, the almost threefold decrease observed for F
(see Fig. 5(d)) suggests the presence of two parity-dark states.
At 50 K the fast decay rate is further reduced, which suggests
that the effective transition strength continues to decrease and
that interaction with even more excited states becomes feasi-
ble. The energy difference between the bright and parity-dark
states is of the order of several meV, i.e., comparable to the
thermal energy in the investigated temperature range. In the
present study it is unfortunately not possible to accurately
quantify it because parameters such as the energy difference
between the hot states, their nonradiative decay rates, etc.,
are unknown.
It is well known that at elevated temperatures nonradiative
decay channels become increasingly important66–68 and this is
indeed what we observe in Fig. 5(c), where the nonradiative
decay rate increases by about 50 %. This has a direct im-
pact on the quantum efficiency, which diminishes from 70 %
to 40 %, see Fig. 5(d). Interestingly, our data clearly show
that it is incorrect to associate a decrease in the fast decay
rate with a reduction of nonradiative processes.
The spin-flip rate in droplet-epitaxy QDs is similar to SK
InAs QDs and amounts to several tens of µs−1 at 10 K (cf.
Table I). Spin-flip is a phonon-mediated process as discussed
in Sec. IV, which implies that it depends on the number of
available phonons NB , quantified by the Bose-Einstein distri-
bution
NB =
1
exp(∆BD/kBT )− 1 . (15)
In our experiment kBT  ∆BD or NB  1, which means that
the spin-flip rate is given by γSF ≈ γ0NB ≈ kBT/∆BD × γ0,
where γ0 is the spin-flip rate at 0 K. By fitting the data
with a linear function passing through the origin we obtain
a good agreement, as seen in Fig. 5(c). We extract a slope
of γ0/∆BD ≈ 15 ns−1eV−1, and for typical values of ∆BD ≈
200 µeV38 obtain a zero-temperature spin-flip rate of γ0 ≈
3 µs−1.
VI. ACOUSTIC-PHONON BROADENING AND
EXCITON SIZE
In Sec. IV we have shown that ground-state excitons are
strongly confined in droplet-epitaxy QDs. This conclusion
was based on the small oscillator strength extracted from
time-resolved measurements. In this section, we bring further
evidence of strong confinement of charge carriers by analyz-
ing the phonon sidebands in the emission spectra of droplet-
epitaxy QDs. In particular, we set up a simple fitting routine
based on the independent-boson model, and we find that the
electron and hole wavefunctions are smaller than the exciton
Bohr radius, which defines the limit for strong confinement.
The model implemented in this section has been employed to
investigate the electron-phonon interaction,3,55,69 and is used
here as a tool to quantify the sizes of the electron and hole
wavefunctions.
We consider a two-level system coupled to an acoustic
phonon bath. The Hamiltonian of this coupled exciton-
phonon system reads
H = E0c
†c+
∑
k
~ωk
(
b†kbk +
1
2
)
+c†c
∑
k
Mk(b
†
k+bk), (16)
where c† and b†k (c and bk) are the creation (annihilation) op-
erators of the exciton (with energy E0) and the phonon (with
momentum ~k), respectively. The last term in Eq. (16) de-
notes the interaction Hamiltonian, where Mk is the electron-
phonon interaction matrix element. The phonon bath repre-
sents a continuous set of modes with momentum ~k, and each
mode has a probability Mk of interacting with the two-level
system. The exciton has a finite lifetime given by its radia-
tive decay rate γRAD. In order to compute Mk, we follow a
number of assumptions:70
(1) The deformation-potential coupling to longitudinal
acoustic (LA) phonon modes is the dominant electron-phonon
interaction term and, therefore, interactions with transverse
acoustic modes and the piezoelectric coupling are neglected.71
(2) We consider bulk phonons only, i.e., the QD couples to
vibrational modes of the surrounding material, Al0.3Ga0.7As.
(3) The LA phonon dispersion relation is linear in the rele-
vant energy range ωk = cs|k|, where cs is the speed of sound
in the crystal and is taken to be isotropic (averaged over all
directions).
(4) We employ the effective-mass approximation for charge
carriers and work in the single-particle picture where electrons
and holes are independent entities.
Under these assumptions, the phonon matrix element
reads70
Mk = Nk
[
De 〈ψe| eik·r |ψe〉 −Dg 〈ψg| eik·r |ψg〉
]
, (17)
whereNk =
√
~|k|/2dcsV , ψe (ψg) is the slowly-varying enve-
lope function of the electron (hole), and V is the quantization
volume. The following constants are used for Al0.3Ga0.7As:
the density d = 4805 kg m−3, the speed of sound cs =
5396 m s−1,72 and the deformation potentials Dg = 5.6 eV
and De = −11.5 eV.73 We assume lens-shaped wavefunctions
with a Gaussian spatial profile
ψν(r) =
1
pi3/4σν,ρ
√
σν,z
e
− ρ2
2σ2ν,ρ e
− z2
2σ2ν,z , (18)
where ρ =
√
x2 + y2 is the in-plane radial coordinate, and
σ is the half-width at half maximum (HWHM). The matrix
element is evaluated to be
Mk = Nk
[
Dee
− 1
4
(σ2e,ρk
2
ρ+σ
2
e,zk
2
z) −Dge− 14 (σ
2
g,ρk
2
ρ+σ
2
g,zk
2
z)
]
.
(19)
The phonon contribution function Φ(t) is derived directly
from the interaction Hamiltonian in Eq. (16) and is defined
as69
Φ(t) =
∑
k
|Mk|2
(~ωk)2
[i sin(ωkt) + [1− cos(ωkt)] (2nk + 1)] ,
(20)
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Figure 7: Experimental data (colored circles) along with the fits (solid black lines) for QD A and QD C at different temperatures.
All data were recorded under the same conditions with an excitation power density of 286 W cm−2.
σe,ρ (nm) σg,ρ (nm) f
QD A 2.4 2.4 16.6
QD C 3.6 1.9 9.4
Table II: Fitted sizes (HWHM) of the electron and hole wave-
functions and the resulting oscillator strength f .
where nk = (e
~ωk/kBT −1)−1 is the thermal occupation func-
tion. For a large quantization volume, we can transform the
sum over k into an integral as
∑
k → V(2pi)3
∫
dk, so that
Eq. (20) becomes
Φ(t) = C
∞∫
0
kdk
1∫
0
dy
∣∣∣∣∣Dee−σ2e4 k2(1−ξey2) −Dge−σ
2
g
4
k2(1−ξgy2)
∣∣∣∣∣
2
× [i sin(ωkt) + [1− cos(ωkt)] (2nk + 1)] ,
(21)
where C = 1/4pi2dc3s~ and ξν = 1 − σ2ν,z/σ2ν,ρ. The integra-
tion over y is performed analytically, and the integral over
k is evaluated numerically. Finally, the emission spectrum is
computed in the following way69
S(ω) =
+∞∫
−∞
dte−i(ω−ω0−iγRAD/2)te−Φ(t), (22)
where ω0 is the emission frequency of the QD.
We fit the experimental data using a least-square approach
so that the sum of the squared residuals is minimized. Fol-
lowing the observations from AFM measurements, we fix the
ratio between the wavefunction height and radius σν,ρ = ασν,z
with α = 3. As a consequence, we have only two independent
fitting parameters, namely the size of the hole and electron
wavefunctions. For QD C, the spectrum is fitted at the high-
est recorded temperature (40 K) because the signal coming
from the phonon sidebands increases with temperature, thus
enhancing the accuracy of the fitted parameters. For QD A,
the fitting is performed at 30 K because at higher tempera-
tures there is an additional line appearing in the spectrum,
see Fig. 5(a), which renders the fit difficult to realize. For the
data at lower temperatures we do not fit but simply plot the
evaluated emission spectrum.
Figure 7 shows the spectra of QDs A and C with very
good agreement between theory and experiment. The ex-
tracted sizes (HWHM of 2–4 nm) are well below the exci-
ton Bohr radius (11.2 nm). Thus, this independent analysis
confirms the conclusions drawn from time-resolved measure-
ments, namely that ground-state excitons are strongly con-
fined in droplet-epitaxy QDs. We can give an estimate of the
oscillator strength using Eq. (10), which agrees reasonably
well with experiment, compare Tables I and II.
VII. CONCLUSION
In this paper, we have presented an extensive study of
the optical properties and decay dynamics of large strain-
free droplet-epitaxy GaAs QDs. From the measurements, we
draw several important conclusions:
(1) The droplet-epitaxy QDs exhibit an oscillator strength
and quantum efficiency of about 9 and 75 %, respectively.
(2) Ground-state excitons are strongly confined despite the
large size of the droplet-epitaxy QDs observed in AFM mea-
surements. This is caused by material interdiffusion occurring
between the QDs and the surrounding matrix, which creates a
localized potential minimum that traps carriers in a region of
space smaller than the exciton Bohr radius. This physical pic-
ture is supported by two independent analyses: the oscillator
strength extracted from time-resolved measurements and the
sizes of electron and hole wavefunctions evaluated by fitting
the spectral phonon sidebands.
(3) For some QDs, the bright exciton is thermally acti-
vated to parity-dark eigenstates with temperature. As a con-
sequence, the radiative lifetime of bright excitons is substan-
tially prolonged and the effective transition strength decreases
from 10 to 4 as the temperature is raised from 10 K to 40 K.
Additionally, the nonradiative recombination rate is increased
12
by almost a factor of two in the same temperature range.
Both affect the quantum efficiency, which attains a value of
only 40 % at 40 K.
Our findings show that droplet-epitaxy GaAs QDs, simi-
larly to the commonly used InAs QDs, exhibit non-negligible
nonradiative processes. This is likely due to the low-
temperature growth of the QDs and of the capping layer form-
ing a crystalline structure of low quality, which is not fully
restored by thermal annealing. Although we have not found
a giant oscillator strength in these QDs, we believe that bet-
ter growth techniques have the capability of improving this
aspect owing to the lack of strain in these structures.
Finally, we mention that the general conclusion that the
actual exciton size can be significantly smaller than the QD
size has also been reached for other material systems. By an-
alyzing phonon-broadened spectra, Rol et al.30 found that the
excitons confined in GaN/AlN QDs are much smaller than the
spatial extent of the QD. Stobbe et al.18 extracted a small os-
cillator strength of large InGaAs QDs of about 10 by control-
lably modifying the LDOS at the position of the emitter. The
latter work points to the same physical situation, namely that
the induced material inhomogeneities during growth create a
non-uniform potential profile, which strongly confines exci-
tons. Therefore, engineering large QDs with large excitons
and giant oscillator strength represents a future challenge in
the field of nanophotonics.
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